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Abstract:
3D printing is an additive manufacturing technique capable of creating highly customizable and
uniquely-shaped structures that are difficult or completely impossible to produce using
conventional methods, such as injection molding. Stereolithography and UV-assisted direct write
printing are two 3D printing processes, each of which can create complex geometries through
photopolymerization. As the 3D printing market is transitioning from prototyping to industrial-use
parts, there is a growing demand for improved resins and filled composites to satisfy the needs of
various, specific industrial applications. The introduction of hexagonal boron nitride in different
composites has been shown to enhance several properties over a variety of industrial applications.
However, in the 3D printing space, hexagonal boron nitride has primarily been used in
thermoplastic polymer systems and has not yet been approached in any photopolymeric solutions.

In this thesis, hexagonal boron nitride (hBN) is added to Formlabs Clear acrylate resin to
investigate the photocurable properties of these composites, with a goal of improving mechanical,
thermal or electrical properties of the final, printed composites, compared to the non-filled acrylate
resin. Through stereolithography printing, using the Formlabs Form 2, the hBN concentration was
found to be limited to 4% by weight. It was shown that without an increase in total output (J/cm2)
from the printer’s laser, successful prints would be limited to a low fill concentration, where
printed composite properties perform similarly to the control sample containing no hBN. By
contrast, using UV-assisted direct write printing, there was success in increasing the fill
concentration of hBN to at least 40% wt. However, the mechanical properties were dramatically
reduced without optimized printing parameters and post-curing procedure. It is hypothesized that
with an optimized UADW printing process, parlayed with an optimal post-cure process, that the
x

final cured properties of hBN-acrylate composites would show improvement in mechanical,
thermal or electrical properties when compared with the pure acrylate resin.

xi

1. Introduction

Customization and rapid prototyping are two components driving innovation in industrial 3D
printing; however, a large aspect of innovation in this market stimulates from material/resin
improvement with either improved raw materials or introduction of particular fillers. Hexagonal
boron nitride (hBN) is one filler that has a high potential to drive innovation in the 3D printing
space. hBN has a plethora of desirable, physical properties that can improve many aspects of
different polymer systems, like thermal conductivity or mechanical strength for example.
Photocurable 3D printing technologies are popular for their resolution but are lacking many filled
materials for increased performance. This is ultimately due to the fundamental issue of light
penetration with filler introduction. If light penetration could be improved, these filled
compositions would provide value to the industry. Leveraging the photocurable 3D printing
technologies, these hBN-filled acrylate composites could fill customizable niche applications in
the industry, which require unique properties to perform optimally.

The objectives of this thesis are to:
1. Understand how the inclusion of hBN in a photocurable resin affects the polymerization
process and test the feasibility of creating a composite using two different 3D printing methods,
namely stereolithography (SLA) and UV-assisted direct write (UADW)
2. Experiment and analyze how the loading of hBN in the acrylate resin modifies the mechanical,
thermal, and electrical properties of 3D printed composites.
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3. Compare the SLA and UADW methods, understand their limitations, and recommend which
method would provide more value in yielding optimal properties for hBN composites.

This thesis is structured in the following way. Chapter 2 details a background on 3D printing and
summarizes the current literature on 3D printing, hBN and hBN-filled composites. Chapter 3
focuses on adapting the SLA method for 3D printing hBN composites, and characterizing the
mechanical, thermal and electrical properties of these composites. In Chapter 4, an alternative
printing method called UADW was evaluated and compared with the SLA method in terms of the
maximum hBN loading and mechanical properties of the 3D printed parts and where to improve
from there. The ultimate goal of this experimentation is to improve the final cured properties of
3D printed hBN composites.
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2. Background:

2.1 Three-Dimensional Printing:

Three-dimensional (3D) printing has been around since Charles Hull introduced his method of
stereolithography in 1984. Stereolithography (SLA) is a technique that focuses on
photopolymerization, creating crosslinked, cured material, and was the basis by which 3D Systems
Corporation was founded [1]. The 3D printing concept was quickly followed by fused deposition
modeling (FDM) in 1988 by Scott Crump. A patent was filed for FDM portraying a thermoplastic
filament feeding through a heated extruder onto a build plate to form an object [2]. Unlike SLA,
FDM did not rely on crosslinking the cured product, as the thermoplastic relied on flowing above
its glass transition temperature. Each of these printing styles are still very relevant technologies,
but 3D printing as a whole, is becoming increasingly popular in the industry. The market is driving
towards more technologically-advanced resins or composites for both printing styles, amongst
newer printing styles as well [3].

Customization is one the most important factors towards driving the industrial value today in the
3D printing market. 3D printing is a preferred alternative to traditional manufacturing methods,
such as injection molding, for rapid prototyping and mass customization applications. 3D printers
can manufacture components without the need of creating additional molds or dies, which can
reduce overall expenses and production time, ultimately generating an increase in flexibility as a
manufacturer in specific markets and applications [4,5]. However, there are quite a few steps
involved in creating the 3D parts. Starting with modeling the part itself, 3D printing techniques
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require a virtual model, created in any computer-aided design (CAD) software. These models are
primarily saved as STL files. They are introduced to the printer, which has its own, respective
slicing software, requiring the input of key processing parameters, such as layer thickness, in-fill
patterns, translational speed of the stage, etc. The STL file is then sliced, which generates a build
file, which is transferred into what is denoted as Gcode. The printer takes the Gcode and
automatically builds the part, layer-by-layer. This process will continue until the build is complete,
assuming all the processing parameters match the resin’s flow properties or curing characteristics
[6].

2.2 Boron Nitride:

Boron nitride, or BN, is a thermally and chemically resistant compound composed of boron and
nitrogen atoms, existing in various crystalline and non-crystalline forms. Similarly structured to
many carbon lattices, boron nitride is commonly found in hexagonal or cubic forms, which are
analogous to that of graphite or diamond, respectively [7,8]. Hexagonal boron nitride (hBN), is
one of the most stable crystalline forms; within each layer, boron and nitrogen atoms are covalently
bonded, however the layers themselves are held together through relatively weaker van der Waals
interactions, as can be seen below in Figure 1 [9].
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Figure 1: Schematic representation of hexagonal boron nitride and its intermolecular forces [9]

hBN can be used in powder, coatings, and sintered forms, promoting its versatility as a filler; it
also has several inherent properties that are desirable amongst a wide array of applications. hBN
has a high thermal and chemical stability, where it has been shown to present good stability in air
up to 1,000°C and exhibit strong resistance to acids and molten metals [10]; hBN has a very low
frictional coefficient, and consistently maintains the lubricity at high temperature due to its thermal
stability. hBN can increase mechanical properties and is shown to be electrically resistive; boron
nitride has a dielectric constant of 4 and an electrical resistivity around 1015 ohms-cm as reported
in a recent study, which are excellent for insulation applications [10,11]. Most frequently in
literature, hBN is researched for its thermal conductivity. Figure 2 below, presents a summary
table comparing hBN properties against other common thermal fillers.
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Figure 2: Summary table of properties of various thermal fillers including hBN [11]

Additionally, as boron has shown to have one of the largest neutron absorption cross sections of
all elements, and in combination with nitrogen which has a larger neutron absorption cross
section than carbon, boron nitride has been investigated in radiation shielding material studies.
Although BNNT has the highest potential in these applications due to its advanced nanostructure,
it comes with expense and difficulty in synthesis and handling, unlike hBN. hBN has presented
evidence to succeed as a cheaper radiation shielding material, and its powdered form allows for
easy incorporation into polyamide nanocomposites [12].

2.3 Boron Nitride Composites and Applications:

One of the first major uses of hBN was in cosmetics in Japan in the 1940s; later, hBN was brought
back in the 1990s, for industrial applications, such as thermal management, automotive, and others
[13]. Embracing hexagonal boron nitride has allowed for the integration of the compound into
6

plenty of applications for a variety of different purposes. Commercially, boron nitride is offered
for its lubricity, where it is commonly used for coating bullets, for a seamless shot with a reduced
frictional coefficient [13,14]. Similarly, industrially, hBN is utilized as a lubricant in high
temperature bearings, as well as mold release agents [10]. In those applications, the boron nitride
is used in an aqueous medium, but as a standalone for its properties. Currently, the industry is
progressing towards experimenting with composites to improve properties, such as electrical
resistivity and thermal conductivity. Table 1 below highlights some recent work, where common
thermoplastics or one thermosetting polymer use hBN to improve thermal conductivity, amongst
other properties. These studies have all been conducted within the past few years, showing the
novelty of the hBN-based experimentation. In these applications, hBN is included in relatively
high percentages, as can be seen in the second column. In these studies, the general trend shows
as the fill concentration increases, the thermal conductivity increases as well [15,16,17].

hBN Composite

hBN
Concentration Property Change
(%)

Application

Author

Date of
Publication

PLGA/hBN

Up to 60

Thermal
Conductivity;
Dielectric Insulator

Thermal
Biocomposites;
Bioelectronics (3DP)

Guiney et al.

11/27/2017

TPU/hBN

5-20

Thermal
Conductivity

Thermal Composites
(3DP)

Liu et al.

8/31/2017

Kenaf Fiber/Epoxy/hBN

Up to 69%

Thermal
Conductivity

Environmental Thermal
Composite

Xia et al.

10/5/2016

Table 1: Summary table of hBN-filled composites in academic studies for varying applications
[15,16,17]
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Another key takeaway is that the thermoplastic polymer composites in the top two rows, PLGA
and TPU respectively, are used in 3D printing applications, whereas the thermosetting resin was
not used to 3D print. Currently, as seen in the literature, hBN composites are being investigated
for extrusion-based thermoplastic 3D printing applications. However, they are not being
researched in thermosetting 3D printing applications, like stereolithography for example.

3. Stereolithography:

3.1 Stereolithography Background

Stereolithography (SLA) is one common 3D printing technology, which can be categorized into a
technology group known as vat polymerization. SLA uses a focused UV laser to initiate a radical
photopolymerization to create the three-dimensional, solid polymer. There are two types of SLA
printing, which follow similar mechanisms, but build in opposite directions: right-side up SLA and
upside-down (inverted) SLA. Right-side up SLA is referring to the premise that the part is building
upwards like any extrusion-based 3D printing technologies, where inverted SLA has the buildplate facing downward with the printed parts being generated downwards. Each process comes
with its respective advantages and disadvantages. Right-side up SLA contains a large vat of
material, which limits its use to strictly industrial practice. Right-side up SLA units are expensive
themselves, and the large vat of material requires large volumes of material (10-100 L), driving up
material costs. This also increases handling, cleaning and material changing difficulty. However,
an advantage of the large vat of material is that it allows for low forces on the parts while they
print, as they essentially float in solution. Alternatively, inverted SLA has quite a few key
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advantages, which make it a popular choice in the desktop SLA market. The build volume can
exceed the volume of the resin tank, which allows for significantly reduced material costs, and
maintaining, cleaning and changing materials is drastically easier. However, with inverted SLA,
total build volume is limited due to peel forces between the cured polymer and the aluminum build
head, driven by gravitational force [6].

SLA is often compared to Fused Deposition Modeling (FDM) because of each style’s extremely
efficient concept-to-part speed and comparably cheap costs. However, SLA can provide higher
resolution, or smoother parts because it is not limited by nozzle size, which is needed to extrude
various resins/filaments. For reference, FDM printers typically print layers of 100-300 microns,
whereas desktop SLA printers can print layer thicknesses between 25 and 100 microns. In the
translational XY plane, the resolution increases dramatically in both printing technologies, but
again, FDM prints around 12.5 microns in resolution compared against SLA’s ~3-micron
resolution. This differential is noticeable, where FDM parts tend to show clearly, visible layers,
where SLA printed parts may appear continuously smooth along the part, although the layers may
be observed depending on layer thickness [6]. An alternative, more expensive photocurable 3D
printing technology that was recently developed is known as continuous liquid interface printing
(CLIP), which can maintain the resolution comparable to standard SLA printing, while improving
the print speed. CLIP technology moves away from the standard layer-by-layer approach by
producing a continuously printed part, which ultimately reduces the printing time, and reduces the
“layered” look in the finished part [18]. However, unlike FDM, photopolymerized parts, like those
produced in SLA or CLIP, often include post-processing to further crosslink the initial printed part,
also known as a “green” part. The green part will maintain its final shape and form but requires
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additional energy to push the polymerization to completion and optimize the polymer properties
[19].

Historically, SLA parts exhibited weak mechanical properties, which inhibited their growth as
functional components with strenuous property requirements [20]. The inclusion of fillers has
shown to reinforce some polymer composites; for example, multi-wall carbon nanotubes
(MWNT), at a loading of 0.025% by weight, were mixed into resin, and the tensile strength of the
printed part was increased by 5.7%. Increasing the concentration further, the experimentation faced
an issue of attempting to cure through opaque resin, leading to undercured printed parts [21]. Using
glass fibers was one alternative to reducing the opacity for UV light penetration, but it sacrificed
some of the sought-after properties compared to the carbon nanotubes [22]. Universally, highly
opaque resins seem to exhibit similar issues in stereolithography printing processes.

As previously mentioned, hBN has been explored in filling composites with many thermoplastics,
often with an attempt to raise thermal conductivity or other key attributes, like mechanical or
electrical property adjustment. However, hBN-filled composites have not been researched in the
photocurable additive manufacturing world, and here, specifically, stereolithography. Using SLA,
the intention of this experimentation is to fill photocurable resin with hBN to improve the
properties of the final, printed product.

10

3.2 Experimental Methods

3.2.1 Materials

Hexagonal boron nitride composites are composed of Formlabs Clear resin with 0.5-micron
MicroLubrol™ hBN. Formlabs Clear resin, though proprietary in composition, is composed of
methacrylated oligomers, methacrylated monomer and photoinitiator [23]. Lucirin® TPO is added
to compositions, where specified. All compositions were speed mixed with the Flacktek DAC600
for 1 minutes at 1600 RPM initially, followed by 4 minutes at 2000 RPM for SLA trials, seen
below in Figure 3.

Figure 3: FlackTek DAC600 used for thorough mixing of all acrylate resins with filler [24]
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3.2.2 Printer and Printer Properties

The Formlabs Form 2 was used to print all stereolithography hBN-acrylate composite samples.
Formlabs Form 2, or the “Industry-Leading Desktop 3D Printer” is an inexpensive, upside-down,
stereolithography printer that can produce high-resolution parts with Formlabs resins, or
alternatives. This printer has a build volume of 145x145x175mm, with laser spot size of 140
micron and layer height options from 25-100 micron, depending on necessary resolution [25]. The
exact printer used experimentally can be seen below in Figure 4. The yellow hue seen in the image
is due to yellow lighting in the lab, which is used to prevent additional ambient light of all visible
wavelengths from promoting photopolymerization within the resin tank, when the orange cover is
lifted. This could result in polymerizing resin within the tank, increasing the viscosity and
interfering with the printing process.

Figure 4: Formlabs Form 2 used for stereolithography printing in experimental trials
12

hBN composites were printed on the Formlabs Form 2 in the XYZ orientation, or “flatwise”, into
the aluminum build head. Figure 5 represents a typical dogbone and tensile bar print file, before
printing with XYZ orientation. It should be noted that in upside-down SLA, the build head would
come from above, so the image below is inverted compared to the actual printing process. These
parts were printed with 0.05mm layer thickness, balancing speed and resolution. 0.1mm is a faster
print, but lower resolution option, whereas 0.025mm is higher in resolution, but requires the
printing of many more layers in total, thus a slower print job.

Figure 5: Representation of print orientation of respective parts (reformatted) [26]

The Form 2 has an Open Mode, where material print settings can be changed, however these
changes involve preset print settings that are optimized around their corresponding, internal resins;
13

for example, the Clear setting is prepared for printing parts using the Formlabs Clear resin. These
print settings are focused around respective rates of initiation and polymerization to obtain the
penetration depth and critical exposure. Exposure time per layer is key to a proper cure; where too
long of an exposure could lead to a lack of resolution in the part, and too short of an exposure time
will lead to under curing of resin, with poor inter-layer cohesion.

Initially, each of the prints were analyzed using the Clear Setting. All prints were removed from
the aluminum build platform and soaked in isopropyl alcohol for five minutes to remove excess
acrylate resin. These prints would be denoted as “green”, until post-processed with a combination
of heat and light energy.

3.2.3 Post-Processing Specimens

Some of the as-printed, green specimens were post-processed following a procedure recommended
by the resin manufacturer, Formlabs. Replicating the post-curing procedure of Formlabs,
specimens were post-cured with the Formlabs Form Cure seen below in Figure 6. In the Formlabs
study, it was determined that the optimal post-curing procedure involved a combination of thermal
and photonic energy, where specimens were post-cured at 60°C, with 1.25 mW/cm2 of light on the
specimens, for 60 minutes.

14

Figure 6: Formlabs Form Cure used for post-curing all printed specimens

3.2.4 Scanning Electron Microscopy

Scanning electron microscope testing was conducted on the FEI Teneo LVSEM. Hexagonal boron
nitride powder was adhered to carbon tape and analyzed using the standard setting, in low vacuum
mode with a working distance of 11.2mm, a 10,000x magnification, accelerating voltage of 30.00
kV, and an emission current of 3.2 nA.
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3.2.5 Tensile Property Testing

Tensile properties were measured following ASTM D638. Type V dogbones were printed using
the Clear print setting, with a 0.05mm layer thickness, per ASTM D638 with a nominal thickness
of 4mm, with a distance between the grips of 25.4 mm. Five replicates were tested per specimen
type. Specimens were post-cured, if indicated, for 60 minutes at 60° C with 1.25 mW/cm2 LED
light, as denoted in the results. Tensile property testing was conducted on Instron Universal Tester
Model 5885, with a 1 kN load cell, and a 0.3” gauge length extensometer for precise strain
readings. Type V dogbones were pulled axially at a rate of 1 mm/minute. Tensile modulus and
tensile stress were calculated on the Instron using equations 3 and 4.

3.2.6 Heat Deflection Temperature Testing

Heat deflection temperature (HDT) specimens were printed using the Clear print setting, with a
0.05mm layer thickness, with dimensions of 120x10x4mm (XYZ), per ISO 75. If indicated,
specimens were post-cured, for 60 minutes at 60° C with 1.25 mW/cm2 LED light, as denoted in
the results. HDT testing was conducted on the Instron HDT Tester, where the silicone oil was set
at a constant ramp rate of 1 C°/min, at 0.455 MPa. The specimens were tested edgewise with a set
span of 100 mm.
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3.2.7 Dielectric Strength Testing

Dielectric strength specimens were printed using the Clear print setting, with a 0.05mm layer
thickness, with dimensions of 80x80x1mm, arbitrarily for ASTM D149 required a specimen size
of 75x65x0.25mm. Specimens were post-cured, for 60 minutes at 60° C with 1.25 mW/cm2 LED
light. Dielectric strength testing was conducted on the Beckman Industrial Dielectric Strength
Tester, model number PA7-505.

3.2.8 Depth of Cure Testing – Developing Working Curve

One-inch diameter aluminum weighing dishes were filled completely with resin, which was
roughly 5 mL. Using a 405nm Loctite® CureJet™, at a fixed 20 mW/cm2, resins were cured,
developing a film at the surface of the weighing dish to simulate SLA curing. Cured film was
removed, cleaned and measured using calibrated calipers.

3.3 Results and Discussion

3.3.1 The Effect of Transparency on Photocurable Printing

It is well understood that light transmission is necessary for the successful polymerization of UVcurable resins, whether through transparent substrates to a bond line for adhesive applications, to
photocurable resins forming three-dimensional objects. Any impedance from opacity could reduce
the polymerization or fully inhibit the curing process. However, occasionally additives are
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necessary for specific aspects of the final product, e.g. color or filled properties. These additives
are often pigmented and can increase the opacity, while reducing the light penetration through the
photocurable resin. The introduction of these fillers often reduces the light penetration quickly
with very little filler, as shown in Sandoval’s paper with MWNTs above 0.025 wt. % [21].
Additionally, pigmented 3D printing resins have inherent settlement issues when using titanium
dioxide or carbon black for white or black pigmentation, respectively. This is primarily due to the
high density of the particles added in combination with the relatively low base viscosity of the
resin.

To mitigate additional blockage of light for reproducible results, resin labels denote shaking the
container before printing to ensure the pigment is thoroughly mixed. Similarly, knowing hBN is
white in pigment and has a higher density than that of the resin, the same procedure was performed
before every print [13]; Formlabs Clear was chosen to decouple the particle settlement of
additional pigment with the hBN filler.

Like other pigmented resins as fill concentration increased, light penetration remained an issue.
Fill concentration was analyzed by increasing the weight percentage of hBN. Using 0.5 micronsized hBN, at 2.5% or above, there was inconsistency from print-to-print. Generally, in
stereolithography, common failure modes arise with poor adhesion to the aluminum build head, or
poor cohesion between subsequent printed layers. Each of these failure modes can be seen in
Figures 7 and 8, respectively, when printing compositions filled with 2.5 wt. % of hBN.
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Figure 7: Image of 2.5% wt. filled hBN in Formlabs Clear resin leading to adhesion failure to
the aluminum build head

Figure 8: Image of 2.5% wt. filled hBN in Formlabs Clear resin leading to cohesion failure
between layers and throughout printed part
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If light absorption or scatter from the introduced filler was not a competing factor in the production
of the part, literature indicates that the maximum volume fraction, or packing density, of similarlysized, hard, spherical particles is 63.5%. [27] However, this calculation is conducted under the
assumption that the filler is spherical in shape. Experimentally, SEM was conducted to confirm
the particle size and shape of the hBN used in the compositions. While the particle size aligned
roughly with the advertised value of the hBN, the shape was not quite spherical. Results can be
seen below in Figure 9 to show slight coagulation within the particles leading to a non-spherical
nature.

Figure 9: A representative SEM image of MicroLubrol™ 0.5-micron hBN with 10,000
magnification
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However, the fill limitation was restricted by photopolymerization, rather than approaching the
bulk packing density limit. This limitation was seen between 2-3% by weight hBN, or 0.8-1.2%
vol., when calculated with acrylate density as 1.1 g/mL and hBN density of 2.1 g/mL. Adjusting
the printed layer thickness showed negligible change in print success, as well.

3.3.2. Adjusting the Photocurable Resin to Improve Printing Process

Increasing adhesion seemed like a necessary solution to mitigating increasing the fill
concentration. To increase the interlayer cohesion and acrylate adhesion to the aluminum build
head, the rate of initiation had to increase. The rate of initiation,

Rate of Radical Initiation:

(1)

where f is the initiator frequency, kd is the decomposition rate constant and [I] is initiator
concentration, is critical to the printing process [28]. The simplest adjustment would be the
increase in initiator concentration, or “[I]”. In radical systems, this could be referring to a few types
of initiators, like thermal or redox initiators. However, in photopolymerization systems, this
correlates to photoinitiator concentration, which is readily dissolved into resin without affecting
the uncured properties of the resin. The rate of polymerization is dependent on the rate of initiation
as well and understanding how the radicals propagate through a medium is imperative. The rate of
polymerization,

Rate of Radical Polymerization:

(2)
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where kp is the propagation rate constant, kd is the decomposition rate constant, kt is the termination
rate constant, [M] is the monomer concentration, [I] is the initiator concentration, and f is the
initiator frequency [28]. While monomer concentration should improve the polymerization rate,
the addition of functionalized monomer would likely affect the flow characteristics in the resin
tank and ultimately the final, cured rigidity of the polymer. This led to the selection of solely
introducing additional photoinitiator.

While the Formlabs® Clear™ resin formulation is not disclosed to the public, the laser used in the
Form 2 is known to project at the 405nm wavelength. In photopolymerization reactions, it is
imperative that the absorption spectra of the photoinitiator matches the spectral output from the
bulb or LED system to optimize polymerization time and final cured properties. It can be inferred
that the resin likely uses TPO (diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide), as seen below
in Figure 10, which is a common photoinitiator used for UV/Vis curing around the 405nm
wavelength.

Figure 10: Chemical structure of common photoinitiator, TPO [29]
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If not TPO, it could have been a similar photoinitiator to react with the 405nm wavelength laser,
as denoted in Figure 11, presenting absorption curves for respective UV/Vis photoinitiators. These
are four common grades of photoinitiator used in LED applications at the 380 and 405nm
wavelengths. However, due to the clarity and color for Formlabs Clear, the photoinitiator used in
the formulation is likely TPO, as the other three are tinted darker yellow.

Figure 11: Absorption spectrum of common UV/Vis photoinitiators, including TPO [30]

To increase the rate of initiation and rate of polymerization in the hBN composites, an increase in
Lucirin® TPO was attempted. Adding 1% (by weight) of TPO to 2.5% filled hBN composite
showed minimal change in failure mode. The potential increase in radical generation from the
increase in photoinitiator could have been negatively influenced at the oxygen interface between
layers, resulting in quenched radicals, though that is difficult to quantify. The scattered hBN
particles in solution, sterically, would inhibit the polymerization though. Nonetheless, the cured
components were still lacking a proper adhesion to the build head, or to the previously cured layers
in the same printed part, yielding similar results to those presented in Figures 7 and 8.
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3.3.3. Effect of 1-2% Weight Fill of hBN in Acrylate Resin on Physical Properties

While printing above 2.5 wt. % remained an issue, 1% and 2% wt., hBN composites were printed
to evaluate if such a low fill concentration would affect the mechanical, thermal and electrical
properties, like those observed with the introduction of MWNTs [21]. Specifically, tensile
properties, heat deflection temperature (HDT) and dielectric properties were measured.
Per ASTM D638, dogbones were printed to analyze the tensile properties of the printed composite
material. Figure 12 presents 1% wt. hBN printed specimens, mid-removal process, as one dogbone
has been successfully removed from the aluminum build head and Figure 13 shows 2% wt. hBN
printed specimens, where a scale bar and penny are included on the build head for sizing reference.

Figure 12: Successful print of type V dogbones using 1% wt. fill of hBN in Formlabs Clear
Resin on the Form 2 aluminum build head
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Figure 13: Successful print of type V dogbones using 2% wt. fill of hBN in Formlabs Clear
Resin on the Form 2 aluminum build head

The print file created seven specimens per print as a contingency, as the removal process is delicate
and can lead to potentially damaging a part. After successfully printing 14 specimens, five green
parts were put aside, while five additional parts were created for subsequent post-cure processing.
A proper post-curing process should optimize the properties of the green specimen; in this case,
maximizing mechanical properties. However, choosing the proper post-curing process can be both
difficult and tedious. As Formlabs Clear resin was used as the photocurable medium in these
printing trials, Formlabs’s corresponding suggestions regarding post-curing processes were
referenced. The Formlabs study was conducted comparing post-curing with a combination of
photonic and thermal energy. These tests were conducted in sequence to isolate: first, which
wavelength of light energy should be used, followed by which temperature in combination with
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the previously chosen wavelength, and lastly how intense the light energy at the selected
temperature and wavelength combination, as can be seen respectively in Figures 14, 15 and 16.
Through the series of tensile properties testing the optimized post-curing process for the Formlabs
Clear material was using the 405 nm wavelength at 1.25 mW/cm2 and 60°C for 60 minutes, chosen
by the highest moduli values shown through each experiment [31]. Type IV dogbones were used
in this experimentation, which are larger specimens, but still pertaining to ASTM D638, and tested
with the same parameters. This series of testing denoted this study as the optimal post-curing
process for all the standard resins, including the Clear, as well as White, Grey and Black, so it
seemed plausible to use at low hBN fill concentrations.

Figure 14: Formlabs Testing - ASTM D638 post-curing comparison of moduli values obtained
with Type IV dogbones of Formlabs Clear Resin at three different wavelengths at fixed 44°C
[31]
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Figure 15: Formlabs Testing - ASTM D638 post-curing comparison of moduli values obtained
with Type IV dogbones of Formlabs Clear Resin at three different temperatures at fixed, 405nm
wavelength [31]

Figure 16: Formlabs Testing - ASTM D638 post-curing comparison of moduli values obtained
with Type IV dogbones of Formlabs Clear Resin at varying irradiances, with fixed 405nm
wavelength at 60°C [31]
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Experimentally, tensile moduli and tensile strengths of the printed hBN composites were
measured and analyzed using equations 3 and 4 respectively, as can be seen in Figures 17 and
18.

𝑬 = 𝝈/𝜺

Tensile Modulus:

(3)

where σ equals tensile stress, and ε is tensile strain, using the engineering strain.
𝝈 = 𝑭/𝑨

Tensile Strength (Tensile stress):

(4)

where F equals to force, and A is equal to the initial cross-sectional area.

In Figure 17, “PC” denotes post-cured, whereas “G” represents as-printed or green samples that
were left without post-processing.

Tensile Modulus Results
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Figure 17: ASTM D638 tensile moduli values of Type V dogbones of different fill
concentrations and post-processing procedures, tested at 1mm/min
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Tensile Strength Results
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Figure 18: ASTM D638 maximum tensile strength values of Type V dogbones of different fill
concentrations and post-processing procedures, tested at 1 mm/min

As expected, there is a clear statistical difference in modulus and strength transitioning from green
to post-cured states for each fill concentration. However, another interesting observation is that the
green, non-filled specimens seem to obtain slightly higher strength and moduli values than those
of the green, hBN-filled composite. It is theorized that the filled compositions were less cured than
the control non-filled resin, due to light inhibition, whether that is light scattering or light
absorbance by the suspended boron-nitride particles. Specimens receiving less light to crosslink
the acrylated molecules, with reduced ability to propagate radicals through the medium, would
lead to a reduced crosslink density and reduced modulus. An adjusted, more rigorous, post-curing
process would likely be necessary to improve the final cured properties to their maximized values.
Additionally, this concept helps to justify the experimental increase in print failures and their
respective failure modes. As the fill concentration increased, the dramatic reduction in cure
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effectively reduced the structural integrity of the specimens and likely promoted the adhesive and
cohesive failures that predominated above 2.5% wt. hBN.

Heat deflection temperature testing was performed on printed tensile bars, per ISO 75, to
understand how hBN filling at low concentrations could affect thermal properties. The results can
be seen in Table 2.

ISO 75 Heat Deflection Temperature (°C)
Post-Cured
Green
Clear Resin
78.15 ± 0.15
48.05 ± 0.55
1% hBN
74.7 ± 1
40.6 ± 1.5
2% hBN
74.15 ± 0.05
42.25 ± 0.75

Table 2: ISO 75 heat deflection temperature values of SLA-printed tensile bars composed of
different hBN-fill concentrations and post-processing techniques

A similar trend was observed for the heat deflection temperature data. As expected, the post-cured
specimens have a significantly higher heat deflection temperature than the green specimens. As
seen in the tensile property testing, the inclusion of hBN did not have a significant influence on
the heat deflection temperatures of the post-cured specimens when compared to the unfilled resin;
by contrast, the hBN-filled green specimens obtained lower heat deflection temperatures than the
control, unfilled resin.

Dielectric strength was measured, per ASTM D149, to analyze low concentration hBN filling and
its effect on the electrical properties of the composite material compared to the unfilled control
resin. Results can be seen below in Table 3.
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ASTM D149 Dielectric Strength (kV/mm)
Sample
Sample
Failure Location Dielectric Strength
Size
Formlabs Clear
607 ± 68
1% hBN
3
Edge of Electrode
568 ± 121
2% hBN
628 ± 41

Table 3: ASTM D149 dielectric strength values of different hBN-fill concentrations

The addition of 1-2% wt. hBN provides negligible electrical properties to the final cured
composition, where the specimens were post-cured. This inclusion of hBN appeared to reduce the
output values in each set of experimentation, alluding to the reduced cure of these compositions as
a plausible hypothesis.

3.3.4. Exposure Time and The Working Curve

One setting that can be adjusted in the Formlabs Open Mode on the Form 2 is the material, which
is optimized around a specific internal resin, e.g. Clear setting with Formlabs Clear. Adjusting the
material from the Clear setting to the White setting showed marginal improvement. Starting with
the Clear setting, it is understood that the printer would require minimal exposure time to cure
through the material, compared to pigmented resins that could absorb or scatter incoming photons.
It is hypothesized that adjusting the print setting to “White” allowed for the software to increase
the exposure time per layer to help overcome the introduction of the white pigmented filler,
although the specifics are undisclosed by Formlabs. Unlike adjusting the layer thickness, nor
adding additional initiator to increase the rate of initiation, this quick material print setting
adjustment from Clear to White allowed for an increase of 2.5% hBN to 4% in weight percentage.
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The slight improvement warranted a study into potential exposure time. Exposure being essential
in print success is validated by the “working curve” equation [32]. The working curve equation,
below, is the fundamental equation by which stereolithography printing was founded.

The Working Curve Equation:

(5)

where Cd is the curing depth, Dp is the penetration depth of the resin, defined as Dp = 1 / (2.3ε[I])
– ε is the molar extinction coefficient of the initiator (L/mol*cm), [I] is the initiator concentration
(mol/L) – and Emax and Ec are the laser exposure on the resin surface and the critical exposure of
the resin at the laser wavelength, respectively. Critical exposure is the laser energy minimum
requirement to initiate polymerization. Derived from the Beer-Lambert law, this equation shows
that the cure depth is proportional to the natural logarithm of the maximum exposure on the
centerline of the scanned laser beam. By graphing a semilog plot of cure depth vs. exposure, the
working curve is obtained for a given resin or composite, where the penetration depth (Dp) is
obtained by the slope and the critical exposure (Ec) is obtained at the x-intercept on the graph.
Penetration depth and critical exposure are inherent properties to a specific resin/composite.

Although obtained experimentally by an irradiance and specific dosage, equation 6 presents the
general exposure equation to calculate Emax.

Fundamental General Exposure Equation:

(6)
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where PL is the output power of the laser, W0 is the radius of the laser beam, focused on the resin
surface, Vs is the scanning speed of the laser, Dp is the penetration depth, and the x, y and z
variables are positional coordinates, where x is the scanning direction. This equation can be broken
down into inherent laser variables, and the coordinate-dependent cured material variables. The first
“coefficient” (PL/W0*Vs) involves laser output, laser scanning speed and spot radius of the laser
beam, all affecting the total exposure, which is rather intuitive. The latter variables are dependent
on the y and z coordinates with a fixed x for scanning direction. The y-complex represents the
parabolic function, detailing the polymerization spread from the incident laser at the resin surface
along the y-axis, and the z-complex is completely dependent on the penetration depth forming the
height of the cured parabola. The fundamental general exposure equation is pertinent to
understanding and accurately analyzing the working curve semilog plot [32,33].

The working curve equation was used experimentally to understand how exposure time could
affect the penetration depth, which would inherently help the initial adhesion to the aluminum
substrate or improve inter-layer cohesion with improved cohesive forces. To acquire the data to
plot this curve, a depth of cure study was performed using a constant irradiance of light, assumed
to be 20 mW/cm2, while altering the exposure time. The product of the irradiance and exposure
time yields laser exposure (mJ/cm2) at the resin surface. Depth of cure data points were taken from
4 to 64 seconds of exposure and recording the cured film thickness. Using the experimental data,
a semilog plot was developed to show the dramatic impact that the introduction of hBN had to the
slope of the curve, resembling the inhibited penetration depth. Experimentally, Formlabs Clear
was used as a control resin, alongside Formlabs Grey to show how any pigmentation alters that
depth of cure, and Formlabs Clear with 2.5% wt. and 4% wt. respectively.
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Figure 19: Stereolithography working curve showing the effect of filler on penetration depth

The working curve theory helps to hypothesize that the curing depth could increase with an
increased energy throughput; the increased energy value could be obtained through either an
increased exposure time with the fixed irradiance, an increased irradiance output, or a combination
of the two. Figure 19 shows that the depth of cure is increasing for each composition as the
exposure at the resin surface (Emax) is increasing. However, as the filler is introduced and increased
in concentration, the slope decreases, representing a decrease in penetration depth. Table 4 presents
the resin constants from the working curve in Figure 19.
Stereolithography Working Curve Resin Constants
Dp (mm)

Ec (mJ/cm2)

R2

Formlabs Clear

0.307

27.51

0.9985

Formlabs Grey

0.278

37.9

0.9977

Formlabs Clear 2.5% hBN

0.087

15.87

0.9722

Formlabs Clear 4% hBN

0.063

11.34

0.988
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Table 4: Calculated resin constants from stereolithography working curve experimentation
Table 4 presents calculated values for penetration depth (Dp) in mm, and the critical exposure of
the resin (Ec) in mJ/cm2. Each value is calculated from the extrapolated regression line per resin.
An extrapolation is necessary because at extremely low cure times and respective dosages of
energy, the partially cured photopolymer is weakly developed, where it is difficult to make
accurate and repeatable measurements for the depth of cure. The third column in Table 4 represents
a correlation coefficient to show how accurately the extrapolation fits the experimental data,
ultimately determining the resin constants. A few themes are prominent in Table 4, some of which
are evident in Figure 19. First, as filler is introduced, the penetration depth, or slope of the
extrapolated line, decreases. There is a dramatic decrease in penetration depth when comparing
the two Formlabs resins to the hBN-filled compositions. Secondly, the critical exposures for the
Formlabs resins are higher than those of the hBN-filled compositions. While conceptually that
may appear flawed, Jacobs alludes to nonlogarithmic behaviors that appear experimentally in
resins that involve “optical scattering”. The inclusion of the hBN particles increases the opacity of
the resin, resulting in optical scattering. Jacobs introduced a similar data set where the reduction
in penetration depth did not correlate entirely with the critical exposure, demonstrating the validity
of this study [32]. However, the R2 value in Table 4 is included to show the precision of the
extrapolation for each of the resins.

In practice, the reduced penetration depth presents an efficiency tradeoff balancing energy output
through increased exposure time with increasing filler concentration. However, when using an
open-source 3D printer, the curing conditions could be amended to promote an increased
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maximum exposure, likely resulting in success while printing with higher hBN-filled compositions
when compared to printing hBN-filled acrylate resins on the Formlabs Form 2.

3.4 Conclusions

This chapter is the first study to investigate experimentally how the inclusion of hBN affects the
SLA 3D printing process, and consequently the properties of the printed samples. hBN was added
to the acrylate resin with the goal to produce composites with improved mechanical, thermal and
electrical properties.

However, the addition of hBN was problematic to the polymerization process using SLA at fill
concentrations above 4% wt. The addition of photoinitiator did not alleviate these issues when
taking a kinetic approach, aiming to increase the rate of initiation. The polymerization issues were
exaggerated in the hBN-filled green specimens, which yielded reduced moduli, presenting the
issue of a reduction in cure. Additionally, the inclusion of hBN showed a reduction in penetration
depth, as calculated from the slope of the extrapolations in the working curve, presented in Figure
19 and documented in Table 4. This reduction in penetration depth posed detrimental in printing
hBN-filled compositions with the Form 2. Theoretically using an open-source SLA printer, an
increased maximum exposure via cure time or irradiance could be obtained. That would increase
the penetration depth, allowing for an increase in hBN fill concentration, which could ultimately
attain increased mechanical, thermal or electrical properties.
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4. UV-Assisted Direct Write Printing

4.1 Direct Ink Writing and UADW Background

Direct ink writing (DIW), also known as robocasting, is another 3D printing technique that is
growing traction in the industry as a strong alternative to creating complex three-dimensional
shapes. DIW involves a computer-controlled translational stage is employed to generate a pattern
in three dimensions with precise architecture. DIW printing uses two types of ink delivery:
continuous filament or droplet-based [34]. In either system, nozzle shape and size, and rheology
of the material are key parameters to producing continuously uniform and precise parts. These
materials have commonly been formulated from colloidal, polyelectrolyte, or polymeric
complexes [35,36,37].

However, attaching a UV-curable aspect to the direct write printing process is a relatively new and
novel technique; this process incorporates direct deposition of functionalized polymeric resin using
a standard direct write process, followed by an in-situ, layer-by-layer UV-curing station to create
a green composition, and ultimately, after post-curing processes are implemented, a final 3D
printed part [38]. The process shown below in Figure 20 presents a general schematic of the
UADW process.
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Figure 20: Schematic of UV-assisted direct write printing process [38]

UV-assisted direct write (UADW) was presented as a novel technique to fabricate polymer-bonded
permanent magnets at room temperature [38]. In Shen and Ma’s study, Formlabs® Grey acrylate
resin was chosen arbitrarily as a binder for NdFeB powder, as it provided a low-viscosity
photocurable solution to extrude at higher fill concentrations without creating a composite with a
viscosity too high to physically extrude. Ultimately, despite the introduction of filler driving up
the opacity of the resin, the study showed that photocurable parts could be created. Desirable
properties were obtained at fill concentrations up to 90% weight fill with NdFeB.

As opacity, and respective penetration depth, was a limitation in hBN-filled composite printing
using stereolithography, UADW printing posed an appropriate approach towards potentially
achieving higher fill concentrations in a UV-curable system due to a large increase in irradiance
in the light source. The intention of this portion of experimentation is to investigate higher hBN
fill concentrations using an alternative 3D printing process to successfully print and ultimately
obtain increased mechanical, thermal or electrical properties.
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4.2 Experimental Methods

4.2.1 Materials and Printer

Hexagonal boron nitride composites are composed of Formlabs® Clear™ resin with 0.5-micron
MicroLubrol™ hBN. All compositions were speed mixed with the Flacktek DAC600 for 1 minutes
at 1600 RPM initially, followed by 4 minutes at 2000 RPM for SLA trials, seen earlier in Figure
3.

Aiming to reproduce the procedure in Shen’s publication, where an nScrypt table top series microdispensing printer was used, the Hyrel 30M was employed. The Hyrel 30M is an inexpensive
printer used for fused deposition modeling and direct ink writing techniques. It has a build volume
of 225x200x200 (XYZ), with four ports for differentiated printheads. The 30M, seen in Figure
21a, comes with one style of printhead for thermoplastic deposition for FDM parts and one for
gels and liquids for DIW printing [39]; both printheads can be seen in Figure 21b and Figure 21c,
respectively [40]. Using the Hyrel 30M with the EMO-25, a liquid-flow printhead, with an attached
0.4mm nozzle on the tip, Shen and Ma’s procedure was roughly reproduced.
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Figure 21: a) Hyrel 30M system, an FDM or DIW printer, b) printhead based on pinch roller
mechanism used for 3D printing thermoplastic filaments, c) printhead with piston mechanism
used for 3D printing thermosetting liquids and gels [40]

Loctite® CureJet™ technology was implemented to follow the deposition of material in between
each layer to form the partially-cured green part before the subsequent post curing process. The
experimental irradiance was 1 W/cm2, measured using a Loctite® UV-V Radiometer Dosimeter
(Part: 1265282). Figure 22 presents the Loctite® equipment used in this experimentation.
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Figure 22: Loctite® CureJet™ technology implemented to cure layer-by-layer green parts [41]

4.2.2 Software and Print Files

Like in all 3D printing procedures, the creation of a CAD file is necessary to customize the final,
created product. SolidWorks was used to create the files in this series of experimentation. Repetrel
is the proprietary software that runs the Hyrel printers. Version 3.082_C of Repetrel was used to
amend all process parameters in the printing process. Repetrel is a completely open software,
where each variable can be manipulated in virtually any fashion, barring the physical limitations
of the printer, like nozzle size or print area on the translational stage. The software package
download includes many programs that help to supplement the printing experience. Slic3r is one
additional component that is necessary to printing in Repetrel. Slic3r is responsible for taking the
created file in Repetrel and slicing it into individual G-code components that the printer follows
procedurally. While Repetrel and Slic3r work to produce the optimal print file, overriding the Gcode with manual amendments was necessary quite often. This was often performed to assist the
flow rate of material to ensure a consistent print throughout the entire STL.
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4.2.3 Fixture Creation for CureJet™

SolidWorks was used to customize the printer for the CureJet™ to retrofit the curing apparatus to
the yoke where the Hyrel printheads reside. The fixture was composed of two key components.
The larger provided structure as a holster for the CureJet™, while the T-shaped component, once
adhered to the larger piece, held the whole fixture to the yoke by sliding into a slot originally
intended for an additional Hyrel printhead. Figure 23 shows the original STL file, and Figure 24
shows the final, printed components, separately.

Figure 23: STL file of CureJet™ Fixture created in SolidWorks

42

Figure 24: Loctite CureJet™ fixture components created on Loctite® PR10™, pre-assembly

The fixture components were printed with the Loctite® PR10™ using Loctite® 3D Tough Durable
Resin 3870™, with a 20 mW/cm2 and 0.05mm layer thickness. The separate fixture components
were adhered with Loctite® HY 4070™, and once assembled, the Loctite® CureJet™ technology
was placed in the holster and positioned adjacent to the extrusion nozzle.

4.2.4 Rheology Testing

Rheological data was analyzed on an MCR 702 rheometer, by Anton Paar, Inc. It was equipped
with a 25mm sandblasted parallel plate fixture, to avoid wall slippage during the experimentation.
For each composite, three replicates of shear sweep were conducted from 1 s-1 to 100 s-1 at varying
gaps to ensure there was no slippage and to confirm accuracy of measurements. The temperature
for all experiments was maintained at 23°C.
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4.2.5 Depth of Cure Testing – Developing Working Curve

One-inch diameter aluminum weighing dishes were filled completely with resin. Using a 405nm
Loctite® CureJet™ at a fixed irradiance of 1 W/cm2, resins were cured, developing a film at the
surface of the weighing dish to simulate the UADW printing process. Cured film was removed,
cleaned and measured using calibrated calipers.

4.2.6 Tensile Property Testing

Tensile properties were measured as a baseline for mechanical properties. Dogbones were printed
using the Hyrel 30M optimized print settings, including Gcode overriding to ensure consistency
across the part before UV-curing. Specimens were post-cured for 60 minutes at 60°C with 1.25
mW/cm2 LED light. Tensile property testing was conducted on Instron Universal Tester Model
5885, with a 1 kN load cell, at a pulling rate of 1 mm/minute.

4.3 Results and Discussion

4.3.1 Rheology Results and Importance to Successful UV-Assisted Direct Write Printing

In SLA, rheology has some importance to ensure proper mixing and that resin fills beneath the
build head in between each subsequent layer. Those two factors simply require lower viscosities,
as measured at low shear rates, to ensure successful printing. By contrast, rheology is arguably the
most critical parameter to ensure successful and reproducible prints in UADW. This rheology
plays a role during the extrusion process and an equally critical role post-extrusion. For example,
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during the extrusion process, variables like nozzle shape and size can alter the shear rate, and postextrusion, the material must have a high enough viscosity to maintain the structure of the print
before the UV light source can cure each layer.

Understanding how critical rheology is to extrusion-based 3D printing systems, measurements
were taken before any printing trials began. Arbitrarily, samples were prepared up to 40% wt. hBN
using 10% wt. increments. Figure 25 shows the apparent viscosities against shear rates on a loglog curve.

Apparent Viscosity (Pa*s)

Apparent Viscosity of hBN-Filled Composites
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1
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Shear Rate
40% hBN

30% hBN

20% hBN
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(s-1)
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0% hBN

Figure 25: Apparent viscosity results of varying weight-fill concentrations of hBN in
photocurable acrylate resin

Using the Hyrel system, it was quickly found that 30-40% wt. was optimal for printing, when
programming the Gcode properly. Obtaining an understanding of the flow characteristics of the
material being extruded and gaining insight into how to properly program Gcode, STL files were
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drawn up to understand how the material would flow post-extrusion and how tight the resolution
of the print would be. Fill concentrations at, or below, 30% wt. were too low in viscosity and could
not maintain structure when extruded, leading to poor resolution or worse, amorphously shaped
areas of material; by contrast, above 40% wt. did dispense and maintained structure, but the
material would not fill in any gaps between each pass of extrusion, leading to inconsistency
throughout the part. Additionally, while printing above 40% wt., the motor seemed to be
overworking, as the threaded piston, controlling the extrusion process, showed signs of overtorque.

4.3.2 Effects of Variable Changing in Printing Process

Each fill concentration required a different optimization of the G-code for every print, where
overriding the original code to further prime and unprime the nozzle at particular rates was key to
the successful prints. The priming process ensured that material was at the end of the nozzle, so
the printing process would dispense evenly as the print started; unpriming was necessary to stop
the flow of the material at the end of the print file. One STL files was chosen for these printer
property trials: an “S” shape to analyze the material flow for resolution and reproducibility. Figure
26 presents the “S” shape drawn in SolidWorks with the dimensions and the characteristic curve
that the material will follow when extruding. Figure 27 represents the first trial of 30% wt. hBN
using the S-shaped STL file. It was noticeable that the material wet too easily, as seen in Figure
27e and 27f, so a rheology adjustment was required by increasing the fill concentration.
Additionally, the material did not dispense uniformly over time, which required multiple code
changes, as seen when comparing the deposition of material in Figure 27a next to Figure 27f.
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Figure 26: SolidWorks representation of STL file to analyze flow properties

Figure 27: 30% weight-fill composite printing S-shaped STL file to observe material flow
characteristics
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This relatively simple print file helped to provide insight into key, common printing issues
regarding the priming and unpriming process. If the printer does not prime the nozzle enough, then
the print file will initiate without the material flowing; however, if it overprimes, it will result in a
waste of material outside of the intended print file. In the opposite respect, if the printer does not
unprime quickly enough as the layer concludes, the material will continue to flow outside of the
STL file; if the unpriming process is too high, then air could become entrapped in the nozzle and
the subsequent layer would likely be inconsistent. This experimental exercise was critical to
successful printing.

Secondly, if the Z-axis is not properly calibrated initially, then the material will not flow uniformly.
The calibration process was simply to bring the nozzle over the translational stage and ensure the
nozzle maintained a 0.2-0.3mm gap. When the printer was not properly calibrated or performed
outside of calibration over the course of many prints, the gap would be too large. This poses an
issue when the nozzle is too high because the material will form wave-like patterns through
straight-translational movements. This can be seen in Figure 28, where 40% wt. hBN composite
is printed on the left side before the Z-axis calibration and the right side is after the calibration
occurs. The left side print is dispensed at a larger gap than the right side. The Hyrel 30M printer
required calibration often, so when material was producing a “wavy” deposition, the first initial
troubleshoot was recalibrating the Z-axis.
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Figure 28: 40% hBN weight-fill composite printed before (left) and after (right) Z-axis
calibration

Upon optimizing dispensing processes using the “S”-shaped STL print file, printing trials of
different shapes and sizes were analyzed to ensure consistency, as the light curing apparatus was
introduced experimentally, as one example can be seen in Figure 29.
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Figure 29: 40% hBN weight-fill composite printed in one of many arbitrary shapes before
initiating photopolymerization trials

4.3.3 Photopolymerization in UV-Assisted Direct Write Printing

Using an external light source to photopolymerize the hBN composite brought upon its own set of
challenges. The Gcode was overridden to pause in between each layer and translate away from the
STL file in the X direction to allow for the Loctite® CureJet™ to pass over the deposited polymer
and irradiate while over the material. Light was emitted both on the translational movement away
from the part and coming back for the subsequent layer. Figure 30 below was compiled from a
documented video of the process to show still images of the process in action, while Figure 31
presents one set of final, printed specimens. This particular printing process used 40% hBN weight
filled composite in a 1x1” square shape to ultimately test for radiation shielding properties through
NASA.
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Figure 30: Images captured at different times during UADW printing of 40% hBN weight-fill
composite in 1x1” square STL

Figure 31: Final UADW printed 40% hBN weight-fill composites from process in Figure 30
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Using the same printing parameters as the square parts, dogbones were printed and cured, and then
post-cured to analyze mechanical properties. The filaments were printed along the length of the
dogbone, so the testing procedure could pull them axially for optimal strengths. Noting the
orientation is necessary because if the printed parts were printed along the width of the dogbones
and pulled axially, the parts would likely break at a lesser stress value due an interfacial tensionbased failure mode. However, as the specimens were placed in the Instron pneumatic grips, all
but one specimen cracked entirely due to the force that the grips applied themselves This rendered
the parts unusable for tensile testing. While a reduction in pneumatic pressure in the grips could
be applied, the subsequent experimentation could experience slippage in the grips, so that was not
the ideal solution. One specimen cracked in the grips while retaining significantly more form than
the others, so it was still tested per ASTM D638’s recommended 1 mm/min. The cracks propagated
throughout the part as the testing continued and yielded a significantly lower value (0.39 MPa)
than the control Clear resin (~70 MPa).

The cracking revealed uncured material on the within the print, seemingly analogous to an
exoskeleton. As there was uncured material through the middle of the dogbone, the curing process
needs to be optimized, addressing the depth of cure by increasing the exposure time and/or
reducing the layer thickness. Using the depth of cure procedure used to develop the
stereolithography working curve, another working curve was generated, as can be seen in Figure
32, to understand the tradeoff between maximum exposure and penetration depth at differing
concentrations of hBN.
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Figure 32: UADW working curve showing the effect of hBN fill concentration on penetration
depth

Again, the working curve theory promotes the hypothesis that the curing depth could increase with
an increased energy throughput. Figure 32 shows that the depth of cure is increasing as maximum
exposure at the resin surface is increasing; additionally, as the hBN fill concentration is increasing,
the slope of the curve or penetration depth is decreasing. Table 5 presents the calculated resin
constants from the UADW working curve in Figure 32.

UADW Working Curve Resin Constants
Dp (mm) Ec (mJ/cm2)
R2
Clear with 30% hBN
0.053
175.13
0.9675
Clear with 35% hBN
0.049
173.21
0.9797
Clear with 40% hBN
0.045
152.86
0.9468

Table 5: Calculated resin constants from UADW working curve experimentation
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Table 5 presents calculated values for penetration depth (Dp) in mm, and the critical exposure of
the resin (Ec) in mJ/cm2. Each value is calculated from the extrapolated regression line per resin.
Again, an extrapolation is necessary because at low cure times, the partially cured photopolymer
is weakly developed, where it is difficult to make accurate and repeatable measurements for the
depth of cure. The third column in Table 5 represents a correlation coefficient to show how
accurately the extrapolation fits the data, ultimately determining the resin constants. As was the
case in the stereolithography working curve, similar trends can be observed in the UADW working
curve. There is a decrease in penetration depth as the hBN fill concentration increases. The critical
exposure values trend in a nonlinear fashion between different fill concentrations in this set of
experimentation, which promotes Jacobs’s assessment of a nonlogarithmic working curve from
optical scattering due to the hBN particles in solution. The correlation coefficients are reduced in
this set of experimentation at higher fill concentrations, when compared to the unfilled, neat resin
values from the SLA working curve.

Unlike SLA printing with the Form 2, in this exercise with the Hyrel 30M practicing UADW, the
light exposure is modifiable. Experimentally, using the Hyrel system, the layer thickness was set
nominally 1mm, and the print speed and correlated curing apparatus speed was 1mm/s. These
processing conditions yield one second of exposure per mm on each pass of the CureJet™. The
CureJet™ passes the print on two separate translational movements: once going away from the
print and once coming back before the subsequent layer’s extrusion initiates. These two
translational movements yield a total of two seconds of exposure per mm. The CureJet™ cures the
material at 1 W/cm2, yielding a total of 2 J/cm2 or 2,000 mJ/cm2. Using the working curve, it is
understood for the 40% wt. hBN composite, at 2,000 mJ/cm2, the depth of cure would be 0.115mm.
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However, nominal extrusion was 1mm, leading to the phenomenon of an uncured layer beneath
the 0.115mm partially cured layer.

Knowing, Shen and Ma found success using UADW processing, their procedure was referenced
for recommendations to mitigate this issue moving forward. In Shen and Ma’s experimentation,
the layer thickness was 0.2mm [38]. Aiming to replicate that procedure using the Hyrel 30M and
CureJet™ technologies, the exposure time should be increased from 2 seconds to between 8
seconds and 16 seconds, depending on the fill concentration. For example, the 40% wt. hBN
composite, with a 16 second exposure time, should obtain a cure through depth of 0.208 mm, when
calculated from the working curve equation. If possible, the printed layer thickness should be
reduced from 1 mm to this 0.2mm to ensure the entire green part is partially polymerized at all
depths, so a successful post-processing technique can be implemented. It is hypothesized, with
optimized print settings (layer thickness and exposure time), that if specimens at 30% wt. hBN or
higher are successfully printed and post-processed, then the final, cured properties will improve
mechanically, thermally or electrically.

4.4 Conclusions and Future Work

hBN-filled composites have been primarily explored in thermoplastic polymer systems with 3D
printing technologies and have yet to be explored in photopolymerization technologies. After
isolating key, fundamental issues regarding the photopolymerization process of hBN-filled
composites within SLA, when printing with the Formlabs Form 2, UADW printing was
investigated. Using the Hyrel 30M with the Loctite® CureJet™, the UADW printing technique to
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successfully printed hBN filled compositions with much higher fill concentrations than those
created using stereolithography. This success, as portrayed in the working curve exercise, was due
to an increase in maximum exposure due to a large increase in irradiance.

However, the proof of concept in printing highly filled hBN-acrylate composites presented areas
to improve the printing process. Most importantly, optimizing the layer thickness should be the
first, key step. This should require a print setting adjustment, while using the working curve
calculations as guidance depending on the hBN fill concentration. Secondly and subsequently,
optimizing post-processing procedures would be highly beneficial, although potentially lengthy,
as the next chapter to this experimentation. The optimized post-curing processes would likely be
dependent on the fill concentration. Ultimately, with these two future considerations optimized,
the properties of the composites would be tested against the non-filled acrylate resin to prove the
validity of the initial hypothesis.
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